ABSTRACT In the future, the population's aging problem will become increasingly serious. For medical care, action-assisted vehicles are one of the solutions. A wheelchair is a common mobility assistance equipment, and the safety of the user is an important issue. For the ordinary wheelchairs, most of them use a fixed hand brake or disk brake to allow the users to stop the wheelchair. However, improper use of brakes tends to cause slippage, and there is no concept of the anti-lock braking system (ABS) for the wheelchair. Therefore, this paper applies this idea to intelligent wheelchairs with the aim of enhancing the safety of users in wheelchairs. The ABS architecture includes the core algorithms of the adaptive fuzzy-neural inference system and the friction coefficient estimation system. The friction coefficient estimation system uses a particle filter to quickly adapt to a non-linear state and unknown environment. The system provides more accurate braking control for the ABS according to the range of the friction coefficient based on the pavement type. In ABS, it uses the gyroscope to detect the acceleration and wheelchair angle information and then calculates the parameters of the wheelchair. The user clicks the stop command on the wheelchair to activate the brake system to achieve a simple and efficient mode of operation. It can efficiently reduce the braking time and braking distance and enhance the riding safety of wheelchairs.
I. INTRODUCTION
Due to the progress of medical development in recent years, highly developed countries tend to have fewer children and more elderlies. Taiwan also faces these problems and it is getting worse. So, the demand for medical care for the elderly population will continue to increase. One solution currently available for medical care of the elderly is the automated vehicle.
Electric motor assisted wheelchairs and intelligent wheelchairs are the currently common types of automated vehicles. Its development has been popular in many countries in the recent years. In addition, the research of artificial intelligence (AI) is growing recently. Hence, the demand of automated vehicles will increase in the future.
The electric assisted wheelchair is an important tool for senior citizens and people with disabilities. In the development of intelligent wheelchairs, Wu et al. [1] proposed an intelligent wheelchair robot to help people with disabilities to use wheelchairs more conveniently including features such as obstacle avoidance, comfort monitoring and automatically follow the front guide. Most countries now have been promoting friendly environment for senior people or people with disabilities. But, it cannot avoid all of the emergency, environmental changes or accidents. Therefore, this paper added the antilock-braking system (ABS) module for wheelchairs in the emergency braking situation.
In general, the manual wheelchair will be equipped with brakes (handbrake) to lock the rear wheel to prevent free turning. But this scenario is only suitable for the time when the wheelchair is stopped. If misused, the brake can cause tire wear or even tire lock to cause slipping. Some of the electric-assisted wheelchair use slim motor as driving power. Those wheelchair not only have handbrakes but are also equipped with an electromagnetic brake. And the rear wheel is locked by the electromagnetic ring to prevent rotation when it is powered down. The user still needs to have some driving experience to do the action of deceleration. Therefore, in this paper we employ the anti-lock braking system in the wheelchair to prevent the wheel from dead-lock condition to ensure the safety of the user. In case of emergency, ABS can efficiently strive for safe braking distance to prevent accidents from happening.
The following papers are the wheelchair applications with the function of ABS. In sensor processing, Fei and Zhou [2] proposed a fuzzy logic-based adaptive controller for a tri-axial angular velocity sensor which is used to approximate the model uncertainties and external disturbances. It provides a simplifier design procedure and requires less information to sensing velocity. In the application of controller, Chu et al. [3] present an adaptive dynamic special global sliding mode controller that is based on the proportional integral derivative (PID) sliding surface using radial basis function neural network (RBFNN) to further optimize the performance of the system. Fei and Lu [4] present a novel adaptive neural sliding mode controller with a DLRNN structure for a class of nonlinear systems to approximate the unknown nonlinearities in the equivalent controller. It can achieve good tracking property and the comparisons of the approximation performance. Fang et al. [5] utilize an adaptive back stepping fuzzy sliding mode controller to ensure the proper tracking of the reference trajectory, and impose a desired dynamic behavior, when robustness and insensitivity to parameter variations can keep. Fei and Wang [6] use an adaptive fuzzy-neural-network to compensate the neural approximation error and eliminate the existing chattering. The proposed method has the outstanding compensation performance and strong robustness. Fei and Lu [7] apply an adaptive fractional order sliding mode controller with a neural estimator. It can improve the tracking performance as well as parameter identification performance. The above applications provide a good inspiration for how to implement the functionality of ABS.
Therefore, the contribution in this paper is to present an intelligent wheelchair with ABS. The system provides more accurate braking control for the anti-lock braking system according to the range of the friction coefficient based on the pavement type which is to improve the safety and braking performance for users.
II. RELATED WORK
There are literatures on related work on the anti-lock braking system, and currently most of them take automobile as a research model. The proportion of ABS used on bicycles and motorcycles soon afterwards also slowly increased. However, the relevant research for wheelchairs is still relatively small. In the construction of the anti-lock braking system, first thing to consider is to explore wheelchair body.
Research on wheelchair body in [8] is a study on the wheel lateral force in a wheelchair. First, it analyzes the influence of the lateral force, then it cited the magic formula proposed by Pacejka and Bakker [9] to establish a model which represents the force situation on the tire. Different directions and angles are used to plot a curve of the relationship of lateral force and vehicle slip angle. Doria et al. [10] proposed a wheelchair as the experimental platform which establishes the force model of the wheelchair first and then analyzes the variation of stiffness coefficient. Han et al. [11] proposed a force model to get longitudinal speed and angular velocity by measurement. The normalized friction coefficient values and slip ratio are calculated by normal force estimation, longitudinal force estimation, and longitudinal velocity estimation. Then, those inputs are used to complete the tire characteristics curve. Finally, the result of friction coefficient is obtained by reversing the current stiffness coefficient. Corno et al. [12] proposed a vehicle model to measure the force of the vehicle that is needed for the anti-lock braking system. The forces of each tire is used to design a vehicle model, from which the required parameters can be measured.
In the anti-lock brake control algorithm, slip ratio is used as the control target in [13] . And, the anti-lock braking system is implemented by using the sliding mode controller. Xu and Wu [14] and Zhang et al. [15] introduced a fuzzy inference controller as the core algorithm and optimized the anti-lock braking system. Poursamad [16] introduces a neural network architecture as the core to achieve the anti-lock braking system. Wang et al. [17] proposed an anti-lock braking system algorithm which is a combination of fuzzy inference architecture and neural network to track the dynamics of slip ratio. In other more complex constructions, Li et al. [18] proposed to build a two-dimensional plane by measured data which is consisted of longitudinal acceleration and slip values.
And, there is a mixed system of unsupervised learning (Principal Components Analysis, PCA) and supervised learning networks to detect the different pavements and record the relationship between the changes in acceleration and the slip ratio of each pavement.
After the learning process of composite system, the data of the current road surface, such as the vehicle speed and the wheel angular velocity, are calculated from the actual data of sensor. Finally, the longitudinal acceleration and slip rates are classified by the composite system and analyzed by regression analysis. Also, Lin and Li [19] proposed a Self-Organizing functional chain fuzzy cerebellar model (SOFFC) to improve the adaptability of the anti-lock braking system. Therefore, this paper proposes the use of an anti-lock braking system in a wheelchair. The necessary information includes the correlation coefficients of the wheelchair model, the friction coefficient estimated by the friction coefficient estimation system and the core controller of the braking system. In the wheelchair model, the parameters of the wheelchair are established with the traditional hand-wheel typed wheelchair as the reference model. The friction coefficient estimation system bases on the particle filter to estimate the friction coefficient on real road in real-time. This study uses Adaptive neural-fuzzy inference system (ANFIS) as the controller of the anti-lock braking system, which adjusts the wheel speed of the wheelchair to adapt to the pavement it travels on and prevent the wheel from slipping. VOLUME 6, 2018 
III. METHODS
In recent years, the research and application of the anti-lock braking system and the friction coefficient estimation method are mostly for the automobiles. However, the vehicle used in this study is a wheelchair which is different from the vehicle model which has four wheels that can be controlled but a wheelchair only has two wheels that can be controlled.
The system in this paper is different from the model used in the vehicle system. This study with the estimator and the controller uses a total of four degrees of freedom of the system model. Four degrees of freedom include the longitudinal movement, the lateral movement, and two of the rear wheel motions of the wheelchair. The following description will explain the establishment of the model and derivation process.
A. WHEELCHAIR FORCE MODEL AND TIRE MODEL
The schematic diagram of the wheelchair is shown in Figure 1 , which represents the wheelchair body structure. This paper referenced the [10] , [23] - [25] wheelchair force structure analysis to create the diagram. The force model is used to analyze the force of each part of the wheel. And finally, all forces are integrated into vertical and lateral forces. Figure 1 , the overall structure starts with x and y which represent the longitudinal component and the lateral component. C m is the center of gravity of the whole wheelchair. t f and t r are the distance between two front wheels and the distance between two rear wheels. v x and v y represent the longitudinal speed and the lateral speed of the wheelchair. β is the angle between the direction of the vehicle speed and the direction of longitudinal velocity. The parameters relating to the front and rear wheels are expressed by F fl , F rl , F fr , F rr , which are the left front wheel, the right front wheel, the left rear wheel and the right rear wheel longitudinal force, respectively. Also, F sfl , F srl , F sfr , F srr represent the left front wheel, the right front wheel, the left rear wheel and the right rear wheel lateral forces.
As shown in
The structure of the front wheel is a rotatable caster mechanism, so δ fl and δ fr represent the rotation angle of the caster on the left front wheel and the right front wheel. Take the right front wheel as an example, the detailed forces are shown in Figure 2 below. The front wheel caster mechanism is represented by the right wheel as shown in Fig. 2 . F sfr represents the lateral force of the right front wheel, and D fr is the rotation resistance of the axle. r x and r y are the components of the thrust generated by the wheelchair body to the front wheel.
In summary, the forces of the front wheels can be subject to the following formula (1) and (2) as below by the Newton's second law:
And D fr is the result of following formula (3) . N f and N r indicate the normal force of the front wheel and the rear wheel shown in equation (4), respectively.
Since the weight of the front wheel is relatively small compared to the weight of the entire wheelchair [10] , the degree of influence by the front wheel in this paper can be ignored here. Additionally, through O r as the fulcrum we can establish a torque equation as formula (5):
From the ignored items above we can determine that r x and r y are generated from the rotational impedance of D fr and D fl . When the wheelchair is traveling, the front wheels are in a free rotation but are affected by the overall orientation of the wheelchair, which can be calculated from the overall wheelchair angle according to the front wheel and rear wheel direction, the calculated angle is as formula (6)(7):
Where t f is the distance between the front-right wheel and front-left wheel, and l f is the distance from the front wheel fulcrum to the center of gravity of the wheelchair.
is expressed as the angle of orientation of the wheelchair body, and its value is from the yaw angle provided by the gyroscope. From the above-learned force situation, and through Newton's second law and Euler equation it can be integrated from the position in x-direction and y-direction as formula (8)(9)(10):
Wheel longitudinal velocity and lateral velocity can be calculated from velocity and acceleration in formula (11) and (12):
From equations (8) and (9), ma x , ma y represent the lateral force and longitudinal force of the wheelchair, I total α is the sum of the torque of the wheelchair body in the dimensions of x-axis and y-axis, and m is the total mass of the wheelchair. In this paper, the definition of counter-clockwise direction is positive and the opposite is negative. The relationship between the force of the vehicle and the lateral velocity and the lateral angular velocity is defined by the above formula. We then continue to analyze the tire force and tire rotation dynamics. Through the tire rotation state diagram in Figure 3 Tire rotation dynamic, the tire rotation dynamic equations can be derived as equation (13): Since the wheelchair can be mainly controlled by the rear part of the tire, i is defined as 1 to 2 for the left rear wheel and the right rear wheel. I w is the inertia of the i-th rear tire.
R ew is the effective radius of rotation for the actual travel of its tire. T mi is the combined torque of the i-th rear tire. Due to the interaction of friction force caused by the longitudinal direction of the sliding, which is defined as (14) :
Where v i represents the forward speed of the i-th rear tire, calculated from the formula representing the respective speed of the left rear wheel and the right rear wheel [11] :
Through the above analysis of the force model, we first explore the wheelchair in the force of traveling and its integration into the longitudinal and lateral force. Then the moment balance of the wheelchair body to establish the speed of each wheel, angular velocity and the relationship between the forces.
When the wheelchair travels on the road, the frictional force generated by the tire and the ground will directly affect the whole wheelchair dynamics. And the part of the tire model is divided into [9] , [26] , and [27] in the current literature. The model is widely used in the vehicle's tire model which is mentioned in Pacejka's ''Magic formula,'' whose model is described by a nonlinear mathematical model.
It is suggested that the force between tire and ground and the sliding condition are distinguished by pure longitudinal sliding and pure lateral sliding. Both of which are affected by the normal force transmitted by the tire, as shown in equation (17) (18):
Among them, F x0 and
y for the model parameters. The relative coefficients are mainly quoted from [27] :
Taking into account the tire types, the wheelchair tire, similar to bicycle tire, has a smaller width than standard automobile tires. Therefore, the factors for the skid factor are too low that the factors of tire slip are not taken into account. Therefore, the lateral force curve and the relevant parameter establishment equation mentioned in equation (18) are not taken into account here. The following section will refer to the part of the lateral force calculation, and then calculate the lateral force to replace the friction coefficient curve.
B. ESTIMATION OF FRICTION COEFFICIENT
This section describes the flow of the friction coefficient estimation system. Initially, longitudinal velocity estimation and lateral velocity estimation are established. Then we establish VOLUME 6, 2018 the wheelchair lateral force estimation. Finally, we complete the estimation of wheelchair friction coefficient between tire and ground. The parameters required for the realization of the estimation system are provided by the gyroscope in addition to the relevant values on the wheelchair.
In fact, the information of the gyroscope is affected by uneven road or vehicle. The noise is caused by the shaking on the load of vehicle. So, the longitudinal velocity estimation and the lateral velocity estimation are corrected by the acceleration values in the three directions of the gyroscope. And the error correction is made by the pitch angle (φ) in the front-rear direction on the lateral angle of the wheelchair and the angle (ϕ) of non-planar road surface. As shown in Figure 4 , the three acceleration values of the gyroscope cause the acceleration value of the x and y components to be affected by the gravitational acceleration value of the z component due to the wheel surface where the wheelchair runs on the uneven surface of the ground. Therefore, the formula for correcting this error is given by (19) (20)
In the equation (19) and (20), it represents the acceleration value after the correction, and its distribution is similar to the Gaussian distribution in the observed acceleration noise. Finally, the modified acceleration value is Gaussian filtered by the formula (19) and (20) and expressed as equation (21) to (24) . From the acceleration to calculate the speed (v x t and v y t ), the vertical and horizontal movement trajectory (S x t and S y t ), T is expressed as a sampling cycle.
The above formula can calculate the wheelchair speed and traveling trajectory. Wheelchair moving trajectory estimation and velocity diagram are shown in Figure 5 . The integral value of acceleration value is used to calculate the velocity of the wheelchair. Similarly, the distance and wheelchair dynamic trajectory value are obtained by integrating the speed of wheelchair. Since this study is designed to allow the wheelchair user to control the speed of the wheelchair, speed estimation is added to a speed feedback control and the speed control command mechanism is updated through the gyroscope in each sampling period. Shown in Figure 6 below: In the friction coefficient estimation system, the normal force estimation is one of the essential steps. In the friction coefficient estimation, the normal force is required to calculate the friction coefficient value in the force of direction of the plane (x and y-direction).
In the equations (25) to (27) , the normal force of the whole wheelchair is expressed as the condition of the user riding in a wheelchair. The acceleration value of the vertical direction of the ground is defined as the acceleration of gravity (i.e. a z = g). F zfl and F zfr are the normal force of the two front wheels. F zrl and F zrr are the normal force of the two rear wheels, h CG is the height of the center of gravity from the ground. Because the rear wheels bear most of the weight and are relatively close from the suspension system, we can define their relationship in equations (28) to (30):
Equation (31) shows the change in the amount of force generated by the shock absorber. The parameters and the reference are obtained from [28] , where the lateral acceleration value is connected in series with the derivation of the suspension system, where F zrr represents the normal force of right rear tire and F zrl represents the normal force of the left rear wheel.
In the equations (28) to (31), p j is the conversion coefficient. The relationship among the three-way acceleration values (a x , a y and a z ) provided by the gyroscope is established. The calculation of the influence of the left and right wheels by the suspension is calculated in a complementary way. The part of the lateral force is estimated here by the wheelchair model mentioned earlier, which is rearranged by the following equation.
The above two equations give the possible influence factors of the lateral force, and some of the literature [24] mentioned the effects caused by the tire side slip angle, and the transient delay caused by the skidding of the tire will cause error in estimation. This study takes lateral acceleration value as a reference and recall the longitudinal velocity estimation which is mentioned in equation (34) .
The relationship between the gyro acceleration value and the acceleration value of this section is established by the above equation (34) . In this paper, the longitudinal (y-axis) acceleration value of the tricycle is the lateral acceleration of the whole body and thus coincides with the integrated acceleration value.
In the preceding, it is not possible to know the coefficient of friction in the real case. Therefore, the variation range of the friction coefficient of the test scene is measured by the simple law of conservation of energy and the combination of the force. The measurement scenario is shown in Figure 7 below.
The range of friction coefficient distribution of each pavement is known and recorded by the subsequent calculation process. It covers the test of asphalt, cement, hexagonal cement tiles, square tiles, marble pavement, and grass. There are still many road types not listed in the scenes in this study. But consider the restrictions on the wheelchair itself, the front wheel cannot travel on the road surface where gap is too large to go over. So in this part we filter out those road types which wheelchair cannot go through.
Friction coefficient measurement is a combination of the previously established wheelchair model, velocity estimation, normal force estimation and lateral force estimation. This study refers to [29] and [30] and estimates the coefficient of friction through the GPS signal. Figure 8 indicates the relationship between the friction coefficient and the slip rate under each road surface. Therefore, in the wheelchair moving test, the friction coefficient can be derived from the measurement of the common roads on the campus and calculated using formula (35) and (36) . Equation (35) is the sum of the energy deduced by the energy conservation theorem, which includes the kinetic energy of the wheelchair, the work done by the frictional VOLUME 6, 2018 FIGURE 9. The data of the friction coefficient curve established by the distribution of the measured data.
force, and the potential energy after the power to the motors is turned off. The experiment is to let the wheelchair run to the highest speed (represented by v) and then to stop the power supply to the wheelchair. d total is the total distance traveled by a wheelchair. d stop indicates the distance between the moment when the power is interrupted and the moment wheelchair is stopped. If v begins to consider after interrupting the power, d total and d stop can be considered equal. After this conversion, the measurement of the friction coefficient is obtained.
However, we not only need to consider the kinetic energy, but also the work generated by the friction and potential energy. The wheel of wheelchair itself and the external loss of energy and the remaining possible factors have not yet been considered comprehensively, so re-derivation calculation is as equation (36) below:
In addition to the foregoing considerations, this study adds an extra unknown term U to represent the sum of the energy and thus the remaining unknown factors in equation (36) . In the experiment, wheelchair travels several times to the current sustaining speed (represented by v 1 and v 2 ) and stops the supply until the wheelchair stops and records the process and the result. d total1 and d total2 are the distances traveled by a total of two wheelchair tests, d stop1 and d stop2 are the distance from the interruption of the power of any two test records.
Then we look at the part of the tire model with those above ''magic formula'' and refer to [17] , [23] , and [27] and other parameters set to establish the friction coefficient curve shown in Figure 32 :
The measurement phase of friction coefficient is completed by the above process. Therefore, subsequently, this paper will discuss the method to calculate the friction coefficient when the wheelchair is on the road. Then, the particle filter will be the online-testing phase to establish a complete integration of friction coefficient estimation.
In the friction coefficient estimation system mentioned in [23] , although the use of unscented Kalman filter can be a linear combination of the way to simulate a closer to the actual non-linear noise distribution, but for this paper, the main application is mainly applied to the real road. Therefore, the core of the estimation system of this paper adopts particle filter, and mainly uses random samples with weighting factors which are called particles to represent the probability of random events.
The specific noise distribution or incomplete observations estimate the current state of the system and can be flexibly applied to any state space model. In this paper, the Sampling Importance Resampling Particle Filter (SIR Particle Filter) is discussed in [32] and [33] . The flow of this method is shown in Figure 11 . Pseudo code is shown in equation (39), x i k and w i k are the weighting factors of the particles to be distributed and the particle, x i k−1 and w i k−1 are the particles of the previous moment and the weighting factor, and y k is the system state to be estimated.
Step 1: Sample all of the particles according to a prior probability.
Step 2: Calculate the weight value for all particles and generate each particle by the calculated weight value and distribute it to the probability density. The purpose is to calculate the smaller weight of the particles to be removed, and each of the particles for normalization.
Step 3: Calculate the normalized weight value for all particles, and the normalized weight value of the particle will be between 0 and 1.
Step 4: Estimate the system state with normalized weight value of particles.
Step 5: Repeat steps 1 through 4 to continuously resample all the particles and estimate the current state.
The particle filter mentioned in the previous section is combined with [24] and [31] - [34] into a complete coefficient of friction estimation system. The architecture of friction coefficient estimation system is shown in Figure 10 . The system is divided into front, middle and rear levels. The front level is the wheelchair model and the velocity estimator whose parameters are provided by the sensors. The middle level is the tire model and the friction coefficient curve database.
The slip ratio and normal force information are informed from the vehicle system and the speed estimation. And that information is sent to the second stage of the tire model. Finally, the friction coefficient is estimated by the particle filter through the friction coefficient curve of the pavement and the current friction coefficient. The relevant calculation formula is as follows:
F xi and F yi are the longitudinal force and lateral force values of the tire. T D is the dynamic torque of the wheelchair. T B is the braking torque. I w is the torque of inertia of the tire. α is the current value of the rotation angular acceleration of the tire. F o xi is the output from friction curve database. From the above values, the current measurement value is obtained. And then further estimation can be made through the preliminary value of friction coefficient calculated from formula (43). Finally the estimator system transmits the estimation result (y k ) to the anti-lock braking system for brake control.
x k represents the result of observations, and its equations cover the results of the friction coefficient (µ k ) and the noise composition (v k ). The scope of the noise definition refers to the distribution of the noise from the gyroscope itself. y k is the result of the estimation. It is estimated by the weight produced by the observed value and the particle distribution. The schematic results of the estimation are shown in Figure 12 below including the estimation results with maximum error, mean square error, and root mean square error in Table 1 : In Figure 12 , the blue line represents true fiction coefficient in single test and red line represents the result estimated from particle filter. The vertical axis is the value of friction coefficient and horizontal axis is time step whose unit is 25ms per step. In this experiment, two mean values are almost the same and the variance of output is smaller than that of the input. So, it can be proof that the performance is well to accurately estimate the output.
C. ADAPTIVE NETWORK-BASED FUZZY INFERENCE SYSTEM
In adaptive neuro-fuzzy inference system, all the parameters in the inference system can be adjusted in the course of training so that the network architecture has the ability of self-tuning. There are many different types of network architectures, which are constructed according to the definition of the input space and the intervening interval. The architecture of this network is shown in Figure 13 .
The first layer (input to inputimf): the first layer of neurons to calculate the fuzzy attribution function of the degree of compatibility, where the definition of i is 2, j is 5 and x i represent the input parameter. L 1,ji represents the attribution VOLUME 6, 2018 function of the j-th set of the i-th input variable, as follows:
The second layer (inputmf to rule): the work of the second layer of neurons is carried out by each node in accordance with the fuzzy rule of the ''excitation strength'' of the calculation, represented by the symbol for the logical operation of the AND logic, where the definition of j is 5 and n is 25, the correlation is calculated as follows:
The third layer (outputmf): the third layer of blue nodes represent the class of neurons. Each node divides the output of the n-th rule in the fuzzy rule from the output of all the rules. So, the output range is normalized and the value is between 0 and 1, which is calculated as follows:
The fourth layer: the class of neurons is to multiply the upper normalization results with Sugeno fuzzy mode. In the formula, x is the correlation coefficient inside the Sugeno fuzzy architecture and the parameter is generated by the layer. The total number of parameters is 25. It is calculated as follows: The above is the network architecture calculation process of the ANFIS. The membership function of the two input parameters is defined as shown in Figure 14 :
The above membership function is derived from the original design of the membership function and the rule base. The original design is based on 20,000 random angular velocity (between −3 and 3) and slip rate (range is 0 ∼ 1) as the input data. Training is done through neural-fuzzy tool from Matlab and is allowed to go through the training process about 100 iterations (epochs).The training error is about 7.75% after finishing the training set.
D. STRUCTURE OF ANTI-LOCK BRAKING SYSTEM
System architecture is shown in Figure 15 . For anti-lock braking system, the required input parameters are the speed command which is commanded by the users through the control interface, the friction coefficient estimated by the gyroscope's acceleration information, and the angles of three dimensions. When the user clicks the stop command, the antilock braking system then receives the above parameters and starts the ANFIS algorithm to control the speed of the left and right wheels. The internal process of ABS controller is shown in Figure 16 . First ABS starts to obtain the speed and friction coefficients and other parameters to calculate the conversion of the left and right wheel slip ratio. When the action of braking starts, the system will cut off the power to the motor. Therefore, it is assumed that when the ''STOP'' key is clicked, the initial speed of wheelchair is equal to the product of the angular velocity and the effective radius of the wheel. Finally, the controller completes the initialization of the parameters. wheel to start the action of braking. In order to achieve the needs of lightweight, we use embedded system (NVIDIA Jetson TX2 [22] ) and Bluetooth to achieve this requirement. The time unit in this paper is in second and the distance unit is in meter.
The wheelchair starts in a static state, the user will issue the control command to increase speed to the maximum speed (i.e. the speed of the seventh level, about 0.7 m/s); then the speed is maintained for a period of time before executing the braking operation. Finally, it will record the changes in the way the various parameters (friction coefficient, speed, slip ratio and torque) of the wheelchair during braking action.
As shown in table 3 is the parameters used in this paper. All the parameters are measured and calculated by the body of wheelchair. 
A. RESULTS OF DIFFERENT PAVEMENTS
The purpose of this section in different pavements is to test the effects in different road conditions on their corresponding frictional coefficients. We show three typical results of pavements below and compare each experiment of pavements with no-ABS. The test with no-ABS means directly command the controller with the maximum reverse torque to the wheel during the braking process. At the end of this section we will summarize all the results in Table 4 . Figure 18 is divided into the left (a) and right part (b) of the figure. The left is the friction coefficient which is estimated by the system. The range of variation is about 0.9 to 1 which matches the scope of asphalt pavement in Figure 9 . The right shows the speed variation of the wheel and angular velocity after the brake is started. The red line is the speed variation of wheel and the blue line is the variation of wheel angular speed. Figure 19 is divided into the left (a) and right (b) part of the figure. The left picture is the variation of slip ratio. The range is between 0 and 0.045. The slippage effect defined by this system is within the ideal range of 0.2. The picture shows the variation of rear wheel torque after the brake is started, the maximum value is -28.5 Nm. The overall braking time is about 0.213 seconds and the braking distance is about 0.07 meters. The braking distance and time are the shortest among these three pavements (asphalt, big tiles and marble pavements). Figure 20 is divided into the left (a) and right (b) part of the figure. The left is the friction coefficient which is estimated by the system. The range of variation is about 0.5 to 0.7 which is matching the scope of big tiles pavement in Figure 9 . The right shows the speed variation of the wheel and angular velocity after the brake is started. The red line is the speed variation of wheel and the blue line is the variation of wheel angular speed. Figure 20 is divided into the left (a) and right (b) part of the figure. The left picture is the variation of slip ratio. The range is between 0 and 0.13. The slippage effect defined by this system is within the ideal range of 0.2.
1) ASPHALT PAVEMENT

2) BIG TILES PAVEMENT
The picture shows the variation of rear wheel torque after the brake is started, the maximum value is −44.5 Nm. The overall braking time is about 0.25 seconds and the braking distance is about 0.109 meters. The braking distance and time are longer than the asphalt pavement and shorter than the marble pavement.
3) MARBLE PAVEMENT Figure 22 is divided into the left (a) and right (b) part of the figure. The left is the friction coefficient which is estimated by the system. The range of variation is about 0.35 to 0.5 which is matching the scope of the marble pavement in Figure 9 . The right shows the speed variation of the wheel and angular velocity after the brake is started. The red line is the speed variation of wheel and the blue line is the variation of wheel angular speed. The range is between 0 and 0.16. The slippage effect defined by this system is within the ideal range of 0.2. The picture shows the variation of rear wheel torque after the brake is started, the maximum value is −32 Nm. The overall braking time is about 0.4 seconds and the braking distance is about 0.23 meters. The braking distance and time are longer than the other two pavements (asphalt and big tiles pavement). The test results for all of the above test scenarios are shown in Table 4 and the differences under different pavements are discussed with the results of ABS and no-ABS. According to the results above, it is found that the higher the friction coefficient of pavement is, the shorter the braking time and distance in the case with ABS are. The asphalt pavement has a high friction coefficient of the road. By the results of comparison we can observe that the effect of no-ABS is better than the one with ABS. But, if the braking force is too high, it may cause the wheelchair to be tilted forward or overturned. Therefore, the asphalt pavement insures safer than the case with ABS.
B. RESULTS OF DIFFERENT MASS
The test results for all of the test scenarios in this section are shown in the Table 5 and differ from the differences in the weight of the ride with ABS. The weight of the three users are 60kg, 75kg and 90kg in this experiment. In this experiment of different weight can be expected to be the heavier of the weight, the more braking distance is required for ABS. However, the observed results in this experiment cannot be proportional to this relationship. So there is no definite effect on the weight of the system against the anti-lock braking system. From another point of view, this situation can be based on different users. Under different weights, ABS can still maintain the effectiveness of anti-lock braking system.
C. RESULT OF SAFETY EXPERIMENT
A humanoid model simulation result is presented in this subsection. The weight of the model is 30kg and was started at rest. The speed is increased to the highest speed (seventh speed, approx. 0.7 m/s) by the control command issued by the user. In the end, the wheelchair maintained at the highest speed for a period of time after the braking action is launched. The experiments were carried out on asphalt pavement and marble floor. The red line represents the acceleration effect of the model under the marble pavement, and its maximum value is 4 m/s2. The friction coefficient of these two road conditions can be obtained by calculating the ratio of the maximum acceleration and the acceleration of gravity, which is 0.81 and 0.42.
D. PAPER COMPARISONS
In this section we chooses to compare the control methods and architectures in [17] , [35] , and [36] with what we proposed in this paper. In this paper, we present the simulated data results and compare the parameters to our own anti-lock control calculus. In other papers, the difference of the algorithm is that the other models are mainly vehicle models. So, the way of comparison is to compare the wheelchair parameters of the paper by adjusting the relevant vehicle data to the wheelchair model in this paper. The following is a list of the papers: Table 5 shows the result of testing on asphalt, large tile floor and marble pavement. The asphalt road is representative of the high friction coefficient, the difference between those papers is less obvious. The main reason is that the parameters of the vehicle are set in the same way.
The second reason is the friction coefficient estimation of this paper and other papers both help the observer to estimate the friction by providing the establishment of high friction coefficient curve, shown in Figure 26 (a). A higher friction coefficient has less braking distance and braking time to stop the wheelchair. But the higher friction coefficient is, the higher the slip ratio could be (shown as figure 26(b) ). In the asphalt road, both slip ratios are less than 0.1. When the friction coefficient is sufficient, the pavement can provide more force of static friction.
In the medium friction coefficient and the low friction coefficient scenarios, the braking time of this paper is less about 0.02 second. And, the distance is less about 0.03 m which is mainly due to the friction coefficient estimation. The results of estimation results are shown in Figure 27 (a) and Figure 28 (a). Although the slip ratio (Figure 27(b) and 28 (b) ) is relatively high, compared to other papers, our work still satisfies the situation under the condition that the slip ratio does not exceed 0.2. Thus, the efficiency of controller in this paper is more significant.
First, this paper established more data on the medium and low friction coefficient experiments than other papers. The second point is that, in Paper 1, the fuzzy inference rule base is relatively less. Therefore, it leads to a slightly slower reaction of the control. Because paper 2 and paper 3 use different control methods, their vehicle parameters cannot be adjusted or simplified in the most efficient state. From the following data comparison, this paper for the medium or low friction coefficient of the test results are more significant. It's more important to enhance the safety on low friction pavements. Table 8 shows the advantages and disadvantages of this paper on different pavement according to the comparison results.
V. CONCLUSION
In this paper, the anti-lock braking system is applied to the intelligent electric wheelchair, aiming at improving the riding safety. When the user issued a stop command, the system can adapt to the current situation of the road and quickly and accurately estimate friction coefficient. And then the estimator appropriately provides the friction values to braking system to control effectively and to reduce the braking distance and slipping accidents. And it can be applied to a variety of indoor and outdoor environment and is suitable for the different weight of users. Also, the braking process will not let the user withstand excessive impact of de-acceleration.
The first part of the friction coefficient estimation system uses the particle filter and sensors to estimate the current friction coefficient. The aim of the estimator is to quickly estimate the coefficient of friction with the advantages of complex and non-linear environments.
To improve the accuracy of its estimation, the friction coefficient range of each pavement is measured based on the law of conservation of energy. Then the tire model is used to establish a friction coefficient curve to provide the estimation system as a reference, to further improve the accuracy in the error of plus or minus 12%.
The second part is the anti-lock braking system. The stop command is issued by the user to start the anti-lock braking system. Through the sensor constantly updating the current acceleration, speed and other information, the system appropriately adjusts the reverse rotation torque of the power wheel. It shows the improvement of stability and safety on the road of high friction coefficient. For the road of low friction coefficient, it highlights the efficiency of the braking system in that the braking time and the braking distance are reduced by 10%. It can be used in all emergency situations to gain more safe distance. PO-JU CHANG received the B.S. degree in electrical engineering from Fu Jen Catholic University, New Taipei City, Taiwan, in 2015. He is currently pursuing the M.S. degree in electrical and control engineering with National Chiao Tung University, Hsinchu, Taiwan.
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